Purpose: This study was aimed at identifying differentially expressed genes (DEGs) in bacterial and fungal keratitis. The candidate genes can be selected and quantified to distinguish between causative agents of infectious keratitis to improve therapeutic outcomes. Methods: The expression profile of bacterial or fungal infection, and normal corneal tissues were downloaded from the Gene Expression Omnibus. The limma package in R was used to screen DEGs in bacterial and fungal keratitis. The Co-Express tool was used to calculate correlation coefficients of co-expressed genes. The "Advanced network merge" function of Cytoscape tool was applied to obtain a fusional co-expression network based on bacterial and fungal keratitis DEGs. Finally, functional enrichment analysis by DAVID software and KEGG analysis by KOBAS of DEGs in fusion network were performed. Results: In total, 451 DEGs in bacterial keratitis and 353 DEGs in fungal keratitis were screened, among which 148 DEGs were found only in bacterial keratitis and 50 DEGs only in fungal keratitis. Besides, 117 co-expressed gene pairs were identified among bacterial keratitis DEGs and 87 pairs among fungal keratitis DEGs. In total, nine biological pathways and seven KEGG pathways were screened by analyzing DEGs in the fusional co-expression network. Conclusion: TLR4 is the representative DEG specific to bacterial keratitis, and SOD2 is the representative DEG specific to fungal keratitis, both of which are promising candidate genes to distinguish between bacterial and fungal keratitis.
Diseases of the cornea are a major cause of blindness worldwide. [1] The etiology of corneal blindness encompasses a wide variety of inflammatory and infectious eye diseases that ultimately cause functional blindness. [1, 2] Keratitis is a type of corneal inflammation resulting in vision loss. It typically arises due to noninfectious causes such as eye trauma but can manifest as a result of microbial infection by pathogens such as fungi, bacteria, viruses or amebae. [3] Until now, infectious keratitis remains one of the main causes of corneal blindness and poses a diagnostic dilemma due to its varied presentation and visual morbidity. [1, 4] Currently, bacterial keratitis and fungal keratitis are the most common corneal infectious diseases posing a risk to patient vision. [5, 6] The major causative pathogens for bacterial keratitis are Staphylococcus aureus and Pseudomonas aeruginosa. [7] Bacterial keratitis frequently leads to severe visual impairment from corneal ulceration, perforation, and scarring. [8] Following an infection, topical antimicrobial therapy is crucial for managing symptoms. [9, 10] Risk factors of fungal keratitis include ocular trauma, topical steroid use, ocular surface disease, and contact lens use. [11] Aspergillus spp., Fusarium spp., Candida spp., are the major causative pathogens of fungal keratitis among many. [12] Fungal keratitis commonly leads to poor visual acuity, [13] and is typically managed by polyenes and azoles. [14] Each case of infectious keratitis must be confirmed by evaluating corneal infiltrate cultures. [15, 16] Clinically, corneal ulcers are often treated empirically without the use of microbiological analysis due to urgent requests for treatment to achieve optimal therapeutic outcomes. [16] In order to rely on empirical treatment, the clinician must distinguish between infectious agents based on clinical history, symptoms and characteristics. This method remains highly subjective and risky as incorrect identification of the pathogen facilitates further development of the corneal infection, ultimately leading to a worsened therapeutic outcome. Hence, it is necessary to identify and develop novel approaches to quickly recognize or identify bacterial versus fungal keratitis.
For the specific treatment of infectious keratitis, it is important to reveal the functional and molecular aspects of the disease to develop a possible treatment strategy. In recent years, the analysis of differentially expressed genes (DEGs) in disease has attracted a lot of attention, and may be a promising approach to develop more efficient treatments for keratitis. In this study, we aimed to screen the DEGs in bacterial and fungal keratitis by comparing total gene expression levels in infected versus healthy corneal tissues. This strategy will allow for the identification of candidate genes that can be therapeutically targeted to treat keratitis originating from different infectious agents.
Methods

Affymetrix microarray data
The transcription profile of GSE58291 was downloaded from the Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/ geo/), a public functional genomics data repository that archives and freely distributes high-throughput molecular abundance data at the National Center for Biotechnology Information. In total, 30 corneal tissue samples were acquired. Among them, three samples showed empty expression profile data, numbered as GSM1406007 (fungal infection), GSM1406009 (bacterial infection), and GSM1406015 (normal control). Hence, 27 tissue samples (12 normal corneas, 7 bacteria-infected corneas, and 8 fungi-infected corneas) were reserved for bioinformatic analysis. Detailed information of the 27 samples is listed in Table 1 . The causative organisms for bacterially infected corneas included Streptococcus pneumonia (n = 6) and Pseudomonas. aeruginosa (n = 1). The causative organisms for fungal keratitis were Fusarium sp. (n = 5), Aspergillus sp. (n = 2, A. flavus and A. terreus) and Lasiodiplodia sp. (n = 1). Platform information was GPL10558 Illumina Human HT-12 V4.0 expression beadchip. Platform annotation information of the chip expression profiles was also downloaded.
Data preparation and differential gene expression analysis
The raw expression profile data in text format were mapped to the corresponding gene names using the GPL10558 Illumina HumanHT-12 V4.0 expression beadchip platform. The average expression value was calculated as the single expression value of this gene, when multiple probes matched to the same gene. Then, logarithm to the base 2 (log2) of expression values was calculated to acquire approximately normally distributed gene expression data, which were continuously subjected to median normalization. [17, 18] According to sample infection types, comparisons were performed in the bacterial infection versus normal control group, as well as in the fungal infection versus normal control group. Here, samples of normal cornea tissues were classified as the normal control group. The limma [19] package in R was used to screen DEGs by analyzing the gene expression data of corneal tissues from the above three groups. The Bonferroni's method [20] in multi-test package was applied to adjust raw P values for false discovery rate (FDR). [21] FDR <0.05 and the absolute value of log2FC >1 were used as cut-off criteria.
Comparisons of gene expression profiles
Gene expression profiles are species-specific, suggesting that gene expression is significantly altered in diseased tissues. [22] According to the expression profile of screened DEGs in bacteria versus fungal and normal samples, we extracted the expression value of DEGs in each sample from the downloaded expression value files. Then, the pheatmap package in R was used to generate expression values by biclustering [23, 24] based on Euclidean distance. [25] The results are shown as a heatmap. 
Calculations of co-expression correlation coefficient among DEGs
Although there are approximately 25,000 genes in the human genome, only a fraction of these genes are expressed simultaneously in a single cell or specific tissues during a specific developmental stage. [26] There are many methods to identify whether co-expression exists between two genes, iamong which the most common method is to use Pearson's correlation coefficient. [27] To obtain DEGs with correlations, the CoExpress tool [28] (http://www.bioinformatics.lu/CoExpress/) was used to calculate correlation coefficients among co-expressed DEGs in the bacterial versus normal group or the fungal versus normal group. Finally, gene pairs with the absolute value of correlation coefficients >0.9 were retained.
Difference between bacterial versus normal DEGs and fungus versus normal DEGs
Through comparison of the gene expression profile between bacterial and normal groups, we acquired the screened DEGs, which are referred to as DEGs1. Similarly, through comparison between fungal and normal groups, we acquired more screened DEGs, which are referred to as DEGs2. To compare the differences between DEGs1 and DEGs2, a Venn diagram was used. [29] The fusion of co-expression network Based on DEGs1 and DEGs2, we acquired two corresponding co-expression networks by gene co-expression network analysis. Then, the DEGs1-based co-expression network was merged with the DEGs2-based co-expression network using the Cytoscape tool "Advanced network merge" to obtain a unique network. [30] Functional enrichment analysis of DEGs in fusion co-expression network Currently, there are multiple tools for gene function enrichment analysis, among which DAVID has been widely used. [31] Using DAVID software, the biological pathways significantly enriched by DEGs in the fusion co-expression network were identified.
A P value less than 0.05 was used as a screening threshold.
Pathway analysis of DEGs in fusion co-expression network
Continuously, the pathway annotations and enrichment analysis were completed using KOBAS [32] based on algorithm of accumulative hypergeometric distribution. A P value less than 0.05 was used as a screening threshold.
Results
Data preprocessing and DEGs' identification
To remove system errors under sequencing, the data were preprocessed. Through data preparation described in the methods section, we obtained the normalized gene expression data. After preprocessing, the medians of expression values in all the samples were relatively linear, suggesting that the expression data were well-normalized [ Fig. 1 ]. A total of 451 DEGs were obtained from the comparison between the bacterial and normal groups and 353 DEGs from the comparison between the fungal and normal groups.
We observed that the screened DEGs could significantly distinguish bacteria/fungus-infected from normal corneal samples [Figs. 2a and b]. These results indicated that significant sample differences existed among screened DEGs between bacteria-infected and normal groups, as well as between fungus-infected and normal groups.
Difference between DEGs between bacterial versus normal and fungus versus normal groups
To compare the difference in DEGs in bacterial versus normal and that in fungal versus normal, a Venn diagram was constructed. We observed that the number of overlapped DEGs was 303, which accounted for 67.18% (303/451) among bacterial versus normal DEGs and 85.84% (303/353) among fungal versus normal DEGs, respectively [ Fig. 3 ]. There were 148 DEGs specific to bacterial keratitis, such as CD34 (CD34 molecule, P = 1.40E-09, low expression), HK2 (hexokinase 2, P = 6.79E-07, overexpression), and TLR4 (toll-like receptor 4, P = 2.35E-09, overexpression) and 50 specific DEGs in fungal keratitis, such as ADH7 (alcohol dehydrogenase 7, P = 3.85E-04, low expression), ASGR1 (asialoglycoprotein receptor 1, P = 5.49E-08, overexpression), and SOD2 (superoxide dismutase 2, P = 7.89E-05, overexpression) [ Table 2 ]. These results suggest that there were a large number of DEGs identified both in bacteria-infected and fungus-infected corneas, exhibiting tremendous similarities in the above two keratopathies. In addition, the same DEG showed homodromous up-or down-regulation in bacteria and fungus-infected cornea samples, also exhibiting complete uniformity in the above two keratopathies.
Calculations of co-expression correlation coefficient among DEGs
The number of co-expressed gene pairs was 117 pairs among bacterial versus normal DEGs and 87 pairs among fungal versus normal DEGs, respectively. The co-expression networks were visualized using Cytoscape tool to obtain the corresponding network graphs.
The fusion of co-expression networks
After fusion of bacterial versus normal and fungal versus normal coexpression networks, a novel fusion coexpression network was generated [ Fig. 4 ]. This fusion co-expression network included 79 DEG nodes and 190 connecting edges. Among these 79 DEG nodes, 19 were unique to bacterial versus normal DEGs, 5 were unique to fungal versus normal DEGs, and 55 were present in both comparisons.
Function enrichment analysis of DEGs in fusion co-expression networks
Through analysis of DEGs in fusion co-expression networks using DAVID, we searched nine biological pathways in total that were significantly differentially regulated [Supplemental Table 1 ]. Among these nine biological pathways, the immune response was the most significant pathway. Notably, the other eight biological pathways were mainly associated with the immune system.
Pathway analysis of DEGs in fusion co-expression network
In total, DEGs in fusion co-expression network were involved seven KEGG pathways [Supplemental Table 2 ], among which antigen processing and presentation (hsa04612) was the most striking. Specifically, there were five DEGs identified both between the bacterial versus normal groups and the fungal and normal groups, including HLA-DRB3, IFI30, HLA-DPA1, HLA-DMB, and HLA-DMA, involved in antigen processing and presentation pathways. Among them, HLA-DRB3, HLA-DPA1, HLA-DMB, and HLA-DMA were also involved in the immune response.
Discussion
In this study, we primarily screened the DEGs in bacterial keratitis and fungal keratitis through analyzing the gene expression profiles of corneal tissues. In total, there were 451 DEGs identified from bacterial keratitis versus normal corneal tissues and 353 DEGs identified from fungal keratitis versus normal corneal tissues. The number of overlapping DEGs between bacterial keratitis and fungal keratitis was 303, which accounted for a larger proportion in corresponding keratitis. In addition, through co-expression network analysis, 117 co-expressed gene pairs were identified in bacterial keratitis DEGs and 87 pairs in fungal keratitis DEGs. After constructing the fusional co-expression network based on bacterial and fungal keratitis co-expression DEGs, nine biological pathways by function enrichment analysis and seven KEGG pathways by KEGG analysis were identified as significant.
Toll-like receptor 4 (TLR4) is a crucial pattern recognition molecule that participates in the innate immune response to lipopolysaccharide, a vital component of Gram-negative bacteria. [33] It is reported that TLR4 mRNA levels were significantly upregulated in bacterial (P. aeruginosa) infected mouse cornea tissue. [34] In accordance with this study, our data confirmed that TLR4 levels were significantly increased by approximately 5-fold in human cornea tissues with bacterial keratitis compared to those in cornea tissues from healthy donors. [34] The deficiency of TLR4 in mouse could result in increased polymorphonuclear neutrophil infiltration and proinflammatory cytokine production, as well as decreased β-defensin-2 and inducible nitric oxide synthase production in mouse with P. aeruginosa infection of the cornea. [34] Yan et al. reported that TLR4 found in corneal macrophages could regulate P. aeruginosa keratitis by signaling through myeloid differentiation factor 88 (MyD88)-dependent and -independent pathways. [35] In addition, TLR4 was also reported to regulate fungal keratitis such as fusarium keratitis [36] and A. fumigatus keratitis, [37] although from our analysis, there were no significant differences in TLR4 expression between corneal tissues infected with a fungal pathogen versus normal tissues. This suggests that TLR4 is a candidate target gene to distinguish bacterial keratitis from fungal keratitis. A promising strategy for the diagnosis of infectious keratitis may be developed based on TLR4 expression. Among the 50 non-overlapping DEGs in fungal keratitis, SOD2 levels were found to be significantly increased by about 9-fold in human corneal tissues with fungal keratitis compared to those in normal human corneal tissues. It has been previously reported that SOD2 expression is significantly increased by about 2-fold in mouse corneas with fungal (Candida albicans) keratitis compared to that in healthy mouse corneas. [38] We speculated that the differences in SOD2 fold-change between mouse and human could be due to species-specific differences and fungal species. Moreover, SOD2 was a pivotal DEG node in the fusional co-expression network, which was derived from fungus keratitis DEGs, and co-expression is associated with MYOC, KRT6B, and CSF1R. Meanwhile, SOD2 was identified to participate in responses to wounding and oxidation reduction pathways. Although there is currently no report describing a role for SOD2 in keratitis, SOD2 still remains a potential candidate gene to distinguish between bacterial and fungal keratitis due to its specific association with fungal keratitis.
Furthermore, through functional analysis of DEGs in fusion co-expression networks, we identified nine biological pathways such as pro-inflammatory and anti-inflammatory responses, antigen processing and presentation, [39] and wounding responses. [40] The majority of the identified pathways are associated with the immune system. Through KEGG analysis of DEGs in fusion co-expression network, we identified seven KEGG pathways, of which antigen processing and presentation [39] intestinal immune network for IgA production, autoimmune thyroid disease, and viral myocarditis [41] are more associated with the immune system. This suggests that perturbations in the immune system induced by pathogen exposure in the cornea leads to the malignant advance of infectious keratitis. Based on our findings, we speculate that strategies aimed at controlling inflammation are a compensatory therapy to alleviate the pain experienced by patients with keratitis excepting to eliminate pathogens, which requires further investigation of the identified immune-related DEGs in infectious keratitis.
In this study we identified novel DEGs associated with bacterial or fungal keratitis; however, our study does have limitations. Firstly, we were limited in the clinical materials including verification of our samples. Secondly, due to the limitations of obtaining human tissue samples, the sample size remains small. Future studies will be required to corroborate our findings using larger sample sizes. Finally, the expression levels of the candidate genes may be affected by the nature of the pathogen, the stage of the disease, or the genetic background of the host. Thus, studies with large sample sizes are warranted to validate our findings in the near future.
Conclusion
In summary, our work screened 451 DEGs in corneas with bacterial keratitis and 353 DEGs in corneas with fungal keratitis, in which 148 DEGs were found to be specific to bacterial keratitis and 50 DEGs specific in fungal keratitis. TLR4 was an upregulated gene specific in bacterial keratitis and SOD2 was an upregulated gene specific to fungal keratitis. Both genes are promising candidate targets to distinguish bacterial and fungal keratitis.
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